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Abstract 

Background: To-date modern drug research has focused on the discovery and synthesis of single active 
substances. However, multicomponent preparations are gaining increasing importance in the phytopharmaceutical 
field by demonstrating beneficial properties with respect to efficacy and toxicity. 

Discussion: In contrast to single drug combinations, a botanical multicomponent therapeutic possesses a complex 
repertoire of chemicals that belong to a variety of substance classes. This may explain the frequently observed 
pleiotropic bioactivity spectra of these compounds, which may also suggest that they possess novel therapeutic 
opportunities. Interestingly, considerable bioactivity properties are exhibited not only by remedies that contain high 
doses of phytochemicals with prominent pharmaceutical efficacy, but also preparations that lack a sole active 
principle component. Despite that each individual substance within these multicomponents has a low molar 
fraction, the therapeutic activity of these substances is established via a potentialization of their effects through 
combined and simultaneous attacks on multiple molecular targets. Although beneficial properties may emerge 
from such a broad range of perturbations on cellular machinery, validation and/or prediction of their activity 
profiles is accompanied with a variety of difficulties in generic risk-benefit assessments. Thus, it is recommended 
that a comprehensive strategy is implemented to cover the entirety of multicomponent-multitarget effects, so as 
to address the limitations of conventional approaches. 

Summary: An integration of standard toxicological methods with selected pathway-focused bioassays and 
unbiased data acquisition strategies (such as gene expression analysis) would be advantageous in building an 
interaction network model to consider all of the effects, whether they were intended or adverse reactions. 
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Background 

Prior to the 20th century, medicine relied almost exclu- 
sively on the use of natural products or botanically- 
derived multicomponent therapeutics. Today, at least 
25% of all pharmaceuticals are based on plant-derived 
products. However, although the very earliest pharma- 
ceutical products were botanical and/or natural multi- 
component preparations, by now mainly purely isolated 
monocompounds or synthetic analogues are commercia- 
lized as conventional drugs [1,2]. The development of 
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pharmaceutical and chemical technologies facilitated the 
economical production of semi-and fully-synthetic 
monocompound drugs, saving resources, including time, 
labor and delivery costs. Furthermore, characterization, 
standardization, and quality control of active ingredients 
became less difficult due to the absence of assay-inter- 
fering compounds in complex mixtures [3]. 

The shift towards the favoured use of monocompound 
drugs was supported by the finding that, in some plants, 
single components were the basis for efficacy. The isola- 
tion of these active substances enhanced their therapeu- 
tic effectiveness and allowed for dose assessments. For 
some time, the major demand of the pharmaceutical 
industry has become the discovery of a new drug entity 
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that interacts with a single, well-defined molecular tar- 
get, preferably without disturbing other cellular func- 
tions to avoid side effects [4]. Prominent druggable 
targets are, for instance, key molecules that are responsi- 
ble for disease development and/or progression. Thus, 
drugs binding to such proteins should, in theory, lead to 
alterations or inhibition of their activities. 

Hence, a general limitation of in silico drug-target 
interaction and activity modelling procedures is their 
inability to mimic entire cellular processes. Despite the 
use of sophisticated design strategies for selective drug 
ligands, in analogy to the "lock and key" concept, only a 
few of these monocompounds have been proven to be 
successful in vivo [5]. Interestingly, Roth, Hopkins and 
colleagues proposed that many modern anti-psychotic 
drugs failed in the clinic because they were too selective 
for their specific targets [4,6]. Furthermore, an analysis 
of approved drugs indicates that the modulation of sev- 
eral molecular targets is a frequent mechanism behind 
drug efficacy [4]. 

An additional disadvantage of single drug therapies is 
the development of resistance phenomena, which may 
occur on a biochemical level, be acquired, and/or be 
established on a genetic level. Multidrug therapy has 
become especially important in the fight against infec- 
tious diseases. Several approaches used to evaluate the 
activities of antimicrobial drug and natural product 
combinations have been reviewed extensively [7]. Addi- 
tionally, there have been reports on the reduction in the 
occurrence of resistance of antimicrobial strains to 
crude rather than single active compounds, e.g. from 
antimalarial drug research [7,8]. 

Often, the aetiology of diseases that involve a poly- 
genic background and environmental factors remains 
poorly understood. Consequently, this complicates the 
selection of proper drug targets in drug design. Addi- 
tionally, it results in the simultaneous use of multiple 
drugs for the treatment of disease symptoms rather than 
origins, involving therapeutics that have not been devel- 
oped or analyzed with respect to drug-drug interactions. 
The increasing demand for polypharmacology to 
enhance treatment efficacy via multitarget interventions 
is an attempt reflected e.g. by the search for synergistic 
combinations of single drugs, or by the selective design 
of non-selective, multi-target directed drugs or molecu- 
lar entities containing two functionally distinct pharma- 
cophores [4,6,9]. 

A strong interest in multicomponent phyto- or natural 
product preparations is likely to arise from the observa- 
tion that some of these multi-substance mixtures pos- 
sess prominent pharmacological properties at low or 
non-toxic concentrations. However, due to their com- 
plex chemical composition, an understanding of the 
underlying molecular activity mechanisms is, in most 



cases, only superficial. Thus, a detailed 'mechanisms of 
action' analysis is urgently required to unravel the 
potent activity of phytochemicals and botanical reme- 
dies, as well as to predict potential drug-drug interac- 
tions that may result from multidrug treatments. 

A glossary of terms frequently used is provided in 
Table 1. 

The mechanism(s) of phytochemical action can either be 
direct or indirect 

Most plant-derived bioactive substances are secondary 
metabolites. These compounds are produced as chemi- 
cal signals in response to environmental changes or as 
defence mechanisms against pathogens, herbivores, and 
environmental stress factors. The most important struc- 
tural classes of secondary metabolites are nitrogen-con- 
taining alkaloids, terpenoids, steroids, and phenolics 
(mostly phenylpropanoids) [3]. Although a few of these 
phytochemicals are now established as potent monosub- 
stance drugs in modern medicine, most of them have 
not been structurally characterized and/or explored 
regarding their potential beneficial effects for human 
health. 

In general, most monosubstance phytodrugs exhibit a 
rather specific mechanism of action. For instance, the 
cardiac glycosides from Digitalis spp. are able to inhibit 
membrane Na"^/K"^ ATPases. Conversely, according to 
Wink, the pharmacological activity of multicomponent 
mixtures cannot be assigned to a single substance, and 
the contained phytochemicals typically act in an unspe- 
cific and widespread manner [22]. Prominent bioactive 
components might be part of the preparation, but in 
some cases, there are no apparent single active compo- 
nents, which are detectable and responsible for the net 
effect. Interestingly, synthetically-developed multi-target 
drugs are also sometimes low affinity binders, since the 
multitude of low-affinity and/or transient interactions is 
sufficient to achieve a significant modification [23]. 

Multicomponent activity spectra result from the com- 
bined and simultaneous attack on various central cellu- 
lar target structures. Examples of such non-specific 
targets are biomembranes, gene regulatory elements, 
and proteins. Proteins can be affected either by introdu- 
cing covalent bindings, interfering through weak, but 
multiple non-covalent interactions, or the deposition of 
lipophilic compounds in hydrophobic regions of pro- 
teins e.g. within substrate binding pockets, which may 
cause loss of activity, total inhibition, or degradation. 
Furthermore, changes in the activity of signalling mole- 
cules or transcription factors can lead to an induction of 
transcriptional responses. Lipophilic and amphiphilic 
substances are poorly soluble in the cytosolic compart- 
ment, and have the tendency to accumulate sponta- 
neously on biomembranes, where they can influence 
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Table 1 Glossary 



Active marker 



Constituents of pharmaceutical relevance, which contribute to or influence the activity of extracts [10]. 



Active substance/active 
pharmaceutical ingredient 



Substances that exert a biological activity, which provoke a specific effect in a biological system. Active 
principles can exhibit activities comparable to that of synthetic active substances [10]. 



Analytical marker 



Botanical 



Botanical drug 



Dietary supplement/functional food 



Interaction/joint action 



Multicomponent/complex 
interventions 



Natural product 



Chemically-defined substances used for quality control and standardization procedures, selected according 
to their analytical value without dependence on potential therapeutic activities [10]. 

One or more plants, a plant part, or an extract valued for its nutritional, medicinal, or therapeutic properties. 
Herbs are a subset of botanicals [1 1]. 

Highly, but not completely characterized, complex extracts from plants that are clinically evaluated for 
safety and efficacy. Often, there is also a history of safe traditional human use [2]. 

Consist of components that are supplemented in the diet or thought to be healthy, such as vitamins, 
minerals, fats, botanicals, etc. [12]. 

Actions that describe an altered outcome arising from the presence of two or more compounds that could 
be antagonistic, additive, or synergistic [13]. Potentiation results from additive and synergistic 
interactions that intensify the potency of a bioactive product [2,14]. 

Either a mixing of pharmaceuticals, an intended administration of a multicomponent combination of 
reference listed drugs, or the uptake of multicomponent preparations (e.g. botanicals, natural products or 
dietary supplements). Keith et ol. defined multicomponent drugs as a therapeutic regimen that consists of a 
concerted pharmacological intervention of several compounds that interact with multiple targets [15]. 

All substances produced by living organisms, including microorganisms or fungi. 



Nutraceutical(s) 



Nutrigenomics 



Pharmacogenomics 



Phytochemical(s) 



Secondary metabolite 



Provide medical or health benefits, including the prevention and/or treatment of a disease, in addition to 
preventing nutritional deficiencies [12]. 

Studies the interaction between dietary components and/or nutrients and the genome by focusing on 
changes in transcript, protein and metabolite levels [16,17]. 

Combines conventional pharmaceutical and toxicology study designs with global genomics technologies 
and appropriate disease model systems to provide a comprehensive view on the response of the genome 
and the biochemical machinery of the cell upon treatment, and to identify efficacy and toxicity-related 
mechanisms [18,19]. 

Non-nutrient biologically active compounds in plants. A number of databases that e.g. contain information 
on chemical structure, metabolic pathways or health-related properties in humans have been only recently 
reviewed by Scalbert et al. [20]. 

Substances produced by plants or microorganisms that are not necessary for primary or energy 
metabolism, but are important for ecological fitness. Evolutionary pressure on biosynthetic pathways 
resulted in an inexhaustible chemical diversity of substances, and some of them have potent 
pharmaceutical properties [21]. 



membrane fluidity and density. If nucleic acids are tar- 
geted, mutations can be initiated by the introduction of 
covalent modifications or through intercalation mechan- 
isms [22], 

Thus, despite a very low molar fraction and weak 
impact of individual phytochemicals in multicomponent 
mixtures, the summation of activities leads to a poten- 
tiation of effects, and promotes a prominent outcome. 
This mechanistic view also explains why in many cases, 
the fractionation or isolation of principal constituents 
from extracts ends up with a loss of previously detected 
activities [15]. 

Different types of joint actions contribute to the 
potentiation of effects 

Compounds exert their bioactivities by interacting with 
other molecules rather than by acting alone. Numerous 
theories propose that the interplay and interference of 
single components in a mixture is the rationale for the 
advantageous effects of multicomponents. The basic 
concepts of joint actions and interactions can be 



summarized as three core processes: addition, syner- 
gism, and antagonism [13,14,24-26]. 

Additive interactions are based on either similar or 
dissimilar non-interactive effects of chemicals. The net 
response of a multicomponent may be attributed to the 
sum of the individual compound doses or effects. Simi- 
lar actions preferentially occur with structurally-related 
substances, while dissimilar acting chemicals differ in 
their mechanism of action, but share the resulting effect 
[13]. In contrast to independent actions, synergistic and 
antagonistic processes require direct interactions. These 
interactions lead to an effect that is stronger, as 
expected based on the dose or response of each compo- 
nent. Antagonistic interactions result in an inhibition of 
effects, while synergistic interactions lead to effect 
potentiation. In both cases, the net effect exceeds the 
additive/subtractive effects of each component [13,14]. 
Thus, using synergistically-acting compounds lowers the 
amount of potentially harmful chemicals necessary to 
achieve an optimal therapeutic efficacy. Furthermore, 
interactions between components within a single plant 
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species (endointeractions), and interactions between 
components from different plants and/or non-plant 
based compounds (e.g. synthetic drugs), which may be 
ingested together (exointeractions), can be distinguished 
[27]. 

The concepts of joint actions are helpful in the under- 
standing of basic processes. The effectiveness of joint 
actions may result from the local and spatial proximity 
of components at the target site of action, which only 
occurs if the substances possess similar absorption and 
circulation kinetics [13,28]. Additionally, substances that 
interfere with general cellular mechanisms, such as oxi- 
dative stress or protein folding, can further interact in a 
time-independent manner with compounds that act on 
target molecules belonging to different pathways. 

However, the response to substances of a highly inter- 
connected biological system, such as the human organ- 
ism, is very complex and rarely linear. There are a 
variety of factors that can influence the therapeutic effi- 
cacy of a substance, such as the effective intracellular 
concentration of compounds at the target cell or organ 
(e.g. bioavailability, bioconversion, pharmacokinetics), 
the chemical and physical microenvironment (e.g. polar- 
ity, viscosity) at the interaction site, the type of molecu- 
lar target (e.g. single or multiple molecules, cellular 
structures), and the general health of the target cells. 

Multicomponent interventions for multifactorial diseases 

Many of today's illnesses are thought to result from 
environmental and lifestyle changes, which favour an 
undesirable functioning of biological systems that have 
evolved over an evolutionary time course [29]. These 
diseases are caused by multiple factors, unfold over an 
extended period of time, and demonstrate a wide range 
of pathophysiological manifestations. 

One such example is atherosclerosis, a chronic inflam- 
matory disease. Initial atherosclerotic events take place 
long before its clinical manifestations within the vascular 
system can be diagnosed [30,31]. According to Ramsey 
et al, a more systems-based view on multifactorial disor- 
ders, where disease progression requires the coordina- 
tion of several cell types, organs, and organ systems at 
various molecular levels, will contribute to a better 
understanding of disease aetiology [32]. Of note, treat- 
ment options for atherosclerosis-associated diseases, 
which are discussed extensively in scientific literature, 
also include the use of herbal extracts and mixtures that 
contain, among others, phenolic antioxidants, which 
serve as protective agents [33]. 

Also, several psychiatric and neurologic disorders are 
the result of multifactorial interactions between environ- 
mental influences and genetic mechanisms. A variety of 
modern central nervous system targeting monocom- 
pound drugs have been originally identified in 



psychoactive plants and natural products, which are 
components of many traditional medicinal systems [34]. 
As many traditional medicinal formulations are based 
on the combined and synergistic activities of several 
substances that enhance their pharmacological proper- 
ties, investigations of the resulting mechanisms of action 
could help to uncover new medications for the treat- 
ment of diseases of the nervous system and mental ill- 
nesses. Furthermore, other factors, such as the general 
state of health or diet, should be considered [35]. For 
example, disorders accompanied with cellular immune 
activation such as infections, or persisting deficits in 
nutrition, may diminish serum tryptophan levels, which 
consequently results in the reduced production of sero- 
tonin and may affect serotonergic functions [35,36]. 

Due to the broad range of activities possessed by 
multicomponents, there may be numerous promising 
candidate mixtures that achieve benefits in the treat- 
ment of such multifactorial diseases likely by shifting, 
rather than interrupting, cellular regulation towards a 
healthy level [37,38]. The regulatory cellular and mole- 
cular mechanisms in an organism have to be organized 
by high interconnectivity to fulfil complex functions, 
such as signal sensing, transduction and processing, 
and thereby maintain systemic and cellular homeosta- 
sis. The sophisticated organization of intra-and inter- 
cellular communication facilitates an appropriate and 
flexible response to disturbances and provides control 
mechanisms through interlocking pathways, as well as 
feedback, regulatory, and fail-safe mechanisms [29]. 
While initial quick signalling is mediated generally 
through specialized sensory molecules or complexes, it 
is then followed by transcription regulatory events that 
lead to a prolonged reorganization of cellular status 
[39]. The cellular environment is subject to continuous 
and unpredictable changes. To deal with such changing 
conditions, biological systems require robustness, a 
ubiquitous property that allows cells to maintain their 
central functions in the face of external or internal 
perturbations [39,40]. Several redundancies and com- 
pensatory mechanisms provide the system with suffi- 
cient flexibility in response to various stimuli, and 
support it to overcome even the most severe attacks 
without becoming fragile. 

Systemic chronic diseases can be seen as a manifesta- 
tion of co-opted robustness, in which normal physiologi- 
cal mechanisms are efficiently taken over to sustain and 
promote an epidemic, and potentially a more progres- 
sive disease status [40]. An optimal drug should render 
the system fragile by performing perturbations for which 
the system has not been optimized. Thus, the probabil- 
ity of a system breakdown should correlate with the 
number and diversity of the target-affecting agents 
applied [41-43]. 
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Discussion 

The enormous complexity of multicomponents is a 
challenge for activity monitoring 

Elucidating the risks and benefits of multicomponents, 
in particular, with respect to their efficacy and safety, is 
a prerequisite for their (re-)entry into standard thera- 
pies. These requirements are not achievable via conven- 
tional drug assessment strategies, since the plethora of 
multicomponent-mediated effects does not make it fea- 
sible to accomplish this via reductionist approaches. 

Predictions of combinatorial effects of reference listed 
drugs are typically extrapolated from classical monosub- 
stance toxicity data. This approach was applied, for 
example, by Borisy et al, who discovered new activities 
using a systematic screening method for identifying 
effective two-component drug combinations [9]. In 
some cases, the molecular basis of newly emerged com- 
bined effects could even be unravelled. However, such 
descriptive theoretical approaches cannot be applied to 
a combination of multiple compounds [15,28]. 

Botanical and natural product multicomponents, that 
are integral parts of traditional medicine, have been dis- 
covered mostly by serendipity and have been developed 
and adapted to contemporary requirements over genera- 
tions [6]. To-date, the best confirmations of their thera- 
peutic efficacy are from their practical application. In 
contrast to constituted synthetic combinations, many 
traditional plant extracts or polyherbal remedies contain 
not only substances that are responsible for targeting 
the disease, but also components that are responsible 
for reducing adverse effects and/or contribute only 
indirectly to the net effect (e.g. by enhancing bioavail- 
ability). Unfortunately, some of the active ingredients of 
botanical multicomponents cannot be characterized, and 
thereby make it impossible to exactly identify each and 
every individual component. The multicomponent con- 
cept of effect potentiation, as well as low doses of "prin- 
ciple" constituents, is hardly feasible with the currently 
available chemical and molecular biological approaches. 
Therefore, an implementation of new strategies to 
understand joint effects should be emphasized. This 
demand is also supported by other multi-disciplinary 
areas, such as nutrition or ecotoxicology sciences [44]. 

Multiple drug actions complicate risk-benefit assessment 
strategies 

The pharmacokinetics and pharmacodynamics of a drug 
are usually evaluated by addressing toxicology and effi- 
cacy of the main active compound(s) rather than by tak- 
ing into account the combinatorial effects. Most 
strategies for drug activity evaluation are hypothesis-dri- 
ven and focus on confirming the primary function of an 
active substance, which is frequently predicted by 



structural comparative analysis. Furthermore, the 
obtainable information from traditional toxicological 
assays is limited due to their inability to recognize latent 
toxicity. 

Interdisciplinary approaches, which combine patho- 
physiological and genetic information with biochemical 
and cell biological assays, are increasingly being used to 
study drug effects on one or more genes or proteins in 
a single pathway [45]. However, these approaches are 
still unsatisfactory in characterizing the multitude of 
responses that occur in a perturbed system [46]. 

Furthermore, dosage and dose range, drug interac- 
tions, and safety studies are much more complex for 
mixtures [4]. Often, the requirement for additional data 
on toxicology, mechanism(s) of action, pharmacoki- 
netics, and drug-drug interactions, which would be 
necessary for the commercialization of a multicompo- 
nent as a drug, cannot be accomplished using conven- 
tional methodologies in an economical way [3]. Due to 
a more favourable regulatory environment, many herbal 
remedies are commercialized as nutraceuticals or dietary 
supplements, although the biological activity may be of 
pharmacological relevance and goes far beyond the sup- 
ply of nutrients, vitamins or minerals [12]. 

Activity monitoring of multicomponent drugs requires 
a reconsideration of the conventional methods, and an 
implementation of new strategies that allow for an inte- 
grated overview of the participating molecular processes, 
which in combination mediate activity and effectiveness. 
Since in living systems molecules act in a non-linear 
and concerted manner rather than isolated, it is neces- 
sary to focus on multiple genes, proteins, and metabo- 
lites [47]. Thus, the main activities of a complex 
mixture have to be deduced from the functional changes 
of a system in an unbiased and global manner. The inte- 
gration of gene expression signatures and phenotypic 
endpoints from in vivo data, in addition to chemical and 
biochemical information, is also gaining importance in 
drug research on monosubstances [5,48]. 

Network architecture and biological processes 

Network biology gives further insight into the impor- 
tance of a multiple target approach to override compen- 
satory mechanisms [5]. Furthermore, it supports the 
importance of focusing on the actions of drugs on cellu- 
lar processes and biological functions rather than on a 
single molecule in a pathway. New approaches that 
include the use of large datasets on a transcript-, pro- 
tein-, or metabolite-level have already started to become 
part of the drug assessment process, where the main 
goals are to define toxicological mechanisms, identify 
biomarkers, and use expression signatures for predicting 
drug effects. 
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Networks models, for example those that build up the 
cellular interactome, are novel initiatives that aid in 
visualizing the hierarchical structure of highly intercon- 
nected biological functions. Such models can be gener- 
ated from any type of large-scale datasets, and are usually 
completed with building information that can be derived 
from several interaction databases. A network is com- 
posed of subnetworks or modules. Network cores are 
built up of highly conserved and robust parts that are 
connected with input and output subnetworks to provide 
feedback and control loops. The connections between 
the various components within a subnetwork, as well as 
the inter-subnetwork connections, have to balance 
between being too populated to enable information flow 
and too sparse to counteract rapid genome-wide effects 
[39]. Additionally, there is a functional redundancy of 
certain components of a system to maintain its stability. 
That is, in case of inactivation, a molecule's function can 
be compensated for by another molecule. Furthermore, 
the modular architecture of cellular networks enables 
them to restrict perturbations to a certain locale, and 
thereby protect the global system. In general, the robust- 
ness of a system can be affected by the removal of net- 
work nodes or by sustaining malfunctions [29]. 

Multicomponent therapeutics may be advantageous as 
they likely operate through multiple weak perturbations. 
These signals may undergo parallel processing in quasi- 
independent subnetworks prior to resulting in an inte- 
grated effective response. Additionally, a multilateral 
attack on the cellular system may also circumvent or 
delay the development of resistance mechanisms 
[23,29,39,49]. These multilateral perturbations can be 
seen on both a cellular- and an organism-level. In some 
diseases, the contemporary perturbation of many dys- 
functional cell types, which are distributed throughout 
the body, could help to control disease progression in a 
systemic manner. 

Network-based analysis of gene expression data in 
multicomponent activity monitoring 

High throughput screenings (HTS) using omics- (e.g. 
transcriptomics, proteomics and metabolomics) and 
functional genomic technologies are bio-analytical 
approaches for detecting global molecular changes in a 
cell system upon exposures to any kind of perturbation. 
HTS data analysis can be used as a pragmatic approach 
to systematically evaluate the activity of mono- and mul- 
ticomponent drugs, and study combinatorial effects at a 
molecular level [28,47]. In the recent past, there have 
been attempts to utilize gene expression analysis to 
define toxicological endpoints and to elucidate mechan- 
isms of toxicity [49]. However, global technologies, 
including cDNA microarrays, mass spectrometry, or 
protein chip data, which may provide predictive gene 



signatures of toxicity or carcinogenicity, proceed slowly 
due to the high costs associated with such experiments, 
the large amount of data that is generated, and the diffi- 
culty of interpreting these data in an adequate manner 
[18]. Additionally, a lack in standardization and valida- 
tion experience is a hindrance for employing such alter- 
native test methods in regulatory decision making 
processes. 

The starting point for the acquisition of global sets of 
biological data may emanate from different levels of 
analysis, starting from DNA or RNA to protein or meta- 
bolites. In many cases, microarrays are used as a stan- 
dard tool for studying global gene expression patterns in 
response to a changed environment. Since transcription, 
as the first step in gene regulation, is required for the 
dynamic adaptation of the cells proteome to different 
demands, a change at the transcriptional level would 
also deliver information regarding their associated biolo- 
gical processes [50,51]. However, information from gene 
expression data is limited, and not all drug-induced 
alterations can be monitored. Protective mechanisms 
have to be initiated at the instance of a perturbation, 
and therefore, have to be quicker than the biological 
processes, which require active biosynthesis. Such 
changes may include protein modification and redistri- 
bution, or changes in intra- or extracellular metabolite 
levels, and can be visualized only via proteomic or meta- 
bolomic approaches. However, these processes are 
usually followed by regulatory events at the transcription 
level [28,51]. Long-lasting regulatory cascades are rare in 
sensory and nutrient responses, as they need to react 
robustly and rapidly against external signals. It has been 
shown that a limited set of regulation patterns, which 
carry out specific information-processing functions to 
control gene expression spatially and temporally, occur 
repeatedly throughout a network [51,52]. Thus, analyz- 
ing the reorganization of gene expression signatures 
may provide insight into initiated cellular programs, as 
well as into the metabolic status of the cell. 

To realize the full potential of global technologies in 
risk-benefit assessments, the integration of expression 
profiles with multiple data resources (e.g. conventional 
toxicity data, toxico-and pharmacogenomic profiles, or 
physical interaction maps available within public data- 
bases), as well as iterative biological modelling is 
required [18,53]. A compilation of bio-molecular net- 
work structures would be helpful in reorganizing a vast 
collection of data, and making them more accessible 
and valuable with respect to their information on cellu- 
lar functions and processes. 

Analysing gene expression data 

An extraction of bio-molecular subsets that are determi- 
nants of cellular status from large datasets remains a 
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major challenge in the interpretation of HTS data. Simi- 
lar to other types of data, there are different strategies 
available to uncover groups and patterns of co-regula- 
tion or causal relationships. Herein, several important 
secondary data analysis strategies for uncovering con- 
served patterns from highly dimensional gene expression 
data are briefly presented along with their advantages 
and limitations (Figure 1). 

Sorting target molecules according to expression levels 
(relative to control) is the fastest and easiest way of ana- 
lysis, but does not deliver much mechanistic informa- 
tion. Differential expression of gene sets cannot 
discriminate between directly regulated and secondary 
targets. Since genes that belong to the same complex or 
regulatory pathway tend to have correlated expression 
profiles, an identification of patterns and expression 
classes provides a much better insight into their biologi- 
cal functions [51]. 



Principal component analysis (PCA) 

Principal component analysis (PCA) is a method for 
reducing high dimensional data spaces into lower 
dimensional ones, while retaining most of the variation 
in the dataset. Lower dimensional data spaces are easier 
to visualize and interpret. Similarities and differences 
between samples can be visualized by plotting. Since 
standard PCA is based on a linear dimensionality reduc- 
tion, modern variations of PCA are using non-linear 
curves to overcome the limitations of linearity [54,55]. 
Clustering ("unsupervised learning") and classification 
("supervised learning") 

Clustering methods result in sets of genes that are asso- 
ciated with a particular cellular state. Multivariate clus- 
tering techniques calculate a measure of similarity 
between gene expression profiles and are used for unsu- 
pervised analysis of gene expression data (i.e. hierarchi- 
cal clustering, K-means clustering, self-organizing maps) 
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Figure 1 Example of a comparative microarray experiment (treated versus untreated or control). The resulting intensity data are filtered 
non-specifically to reduce the number of hypotheses to be tested. In the next step, relative expression values and p-values are calculated for 
every single gene. After geneset reduction, several sophisticated methods for gene subset selection can be applied. Principal component analysis 
(PCA) is mainly used for dimensionality reduction. PCA enables the visualization of multidimensional datasets and can be effectively applied for 
gene selection. Other approaches for subset selection are functional enrichment strategies. These methods result in sets of aggregating genes 
with similar functions. Cluster analysis can be used to group genes according to their expression similarity. Clusters of genes with similar 
expression profiles can be used as starting points for further bioinformatic analyses. Network analysis is a method where an interaction network 
is constructed by integrating the geneset with direct or indirect molecular relationships extracted from various biological knowledge bases. The 
subnetworks show a distinct degree of interconnectivity. For example, subnetwork 7 appears to contain interactions that are responsible for 
some important process or behaviour, as its removal would affect the entire network. (Herein, network images were created via Ingenuity® 
Pathway Analysis (IPA); http://www.ingenuity.com). 
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[56-59]. Supervised analysis strategies are used to assign 
unknown members into known groups by using, for 
example, linear discriminants, decision trees or neural 
networks, while two-way clustering methods are used to 
discover genes that are co-regulated only within a subset 
of experiments [60]. 

Given the high number of clustering and classification 
algorithms, it remains difficult to select an appropriate 
algorithm based on distance measures, linkage rules and 
many other parameters. Furthermore, the causality of 
gene co-expression, and the functional relationships 
between clusters are not explored, which makes it chal- 
lenging to elucidate biological mechanisms [47,51]. 
Nevertheless, cluster information can be an effective 
basis for further analyses based on a priori functional 
knowledge. 

Functional enrichment strategies and pathway analysis 

To address the issue of causality in shared expression 
patterns, biological knowledge accumulated in public 
databases, such as Gene Ontology, can be used to dis- 
sect genes that are involved in a specific biological pro- 
cess, molecular function, or cellular component [61]. 
Many other similar tools are publicly available, and can 
contribute to the functional analysis of larger gene sets 
(i.e. Onto-Express, MAPPFinder, GOMiner, DAVID, 
GeneMerge, FuncAssociate) [62-68]. Huang et al. classi- 
fied bioinformatic enrichment tools according to their 
underlying algorithms [62]. However, the development 
of precise guidelines for choosing the most appropriate 
enrichment tool is likely impossible, as research projects 
differ in their needs and the questions being asked. 

Mapping expression data into precompiled pathways is 
one way of obtaining direct biological or toxicological 
relevant information. However, it is important to keep 
in mind that the activity of a pathway depends not only 
on the abundance, but also the activity of its compo- 
nents. Gene expression data may reflect mRNA abun- 
dance, while proteins are further regulated through 
turnover rate, activity, posttranslational mechanisms, 
and interactions [69]. Furthermore, redundant and 
divergent mechanisms contribute to a pathway's activity 
[15]. 

A limitation of functional enrichment strategies is that 
they are restricted to annotated information that is 
stored in the database and may be subject to change. 
Although these methods enable the identification of 
coherent expression changes, the discovery of new path- 
ways of organizational units, which have no records in 
the database, is not possible [47]. 
Network analysis 

A better understanding of molecular relationships must 
be obtained via the building, validation, and analysis of 
mathematical models to gain insight into cellular pro- 
cesses or even predict cellular behaviour from 



transcriptional signatures [70]. The construction of gene 
network architectures from expression profiles is also 
often referred to as "reverse engineering" [51]. A net- 
work topology cannot be easily derived from literature 
on precompiled pathways, as networks are typically not 
static and change within context and time, as well as 
because cells constantly adapt to their internal condi- 
tions in response to internal and external stimuli [71]. 
The construction of a network relies on information 
regarding direct or indirect molecular relationships. 
Aside from the topology of connections, different math- 
ematical models and network constructing algorithms 
can also include information on the causality from the 
directionality of relationships, information on the type 
of effect (i.e. activating, stimulatory, inhibitory), the 
strength of the interaction, and, in some few models, 
the kinetics and dynamics. For the last two points, a 
high and often unpredictable number of experiments 
are required to temporally resolve and untangle indivi- 
dual interaction wires, as well as reconstruct the regula- 
tory strengths of each component in relation to others 
[70]. 

Network approaches, however, do allow for the inte- 
gration of diverse types of data in the construction of a 
biological model. Such a model may reveal important, 
but not apparent, relationships, as well as identify which 
non-differentially expressed molecules are actually regu- 
latory molecules [51]. Furthermore, it is insufficient to 
map only physical components and interactions for 
assessing biological functions. It is also necessary to 
evaluate how information propagates through a system. 
A broad range of information is available from an inte- 
gration of gene expression data and previous biological 
findings, such as gene ontology (GO) categories or find- 
ings from different cell types, organs, and even organ- 
isms. However, this again depends on what scientific 
question is being addressed, and what restrictions are 
being imposed to get the most relevant biological infor- 
mation out of the network. 

The limitations of both functional enrichment and 
network analysis are the quality and comprehensiveness 
of databases available, including the nature of the stored 
information (e.g. limited knowledge, interaction discov- 
ered mainly in vitro), as well as their algorithms, which 
do not or only very limited allow for dynamic network 
modelling. Therefore, highly accurate mathematical 
models for predicting network behaviour are only 
applicable for certain situations. 

Conclusion and perspectives 

Every therapeutic intervention, either a mono- or multi- 
component drug, results in changes of intra- and inter- 
cellular signalling events, and finally leads to pleiotropic 
effects that affect an organisms' homeostasis. In 
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particular, concerning multicomponent activity monitor- 
ing, new concepts that overcome the Umitations of con- 
ventional risk-benefit assessment strategies are urgently 
warranted. 

Taking into consideration the main and adverse effects, 
a strategy that combines both selected pathway-or inter- 
action-based bioassays and unbiased analysis of expres- 
sion signatures, would be useful to fully assess the 
pharmacological properties of a multicomponent. As 
shown in Figure 2, in general, some information on the 
proposed effects of a multicomponent is required to gen- 
erate hypotheses and design preliminary experiments. 
This information can be either retrieved from traditional 
application areas or deduced from the multicomponent's 
ingredients. Consequently, more detailed dose-effect rela- 
tionships can be further analysed via assays that focus on 
particular activities, and aid investigators in extracting 
the necessary parameters for assessing large-scale quanti- 
tative data. For instance, a respectable number of versa- 
tile and reliable bio- and reporter gene assays are 
available for elucidating the transcriptional activities of 
particular signalling pathways [45] . 

Unbiased large-scale data acquisition strategies give 
insight into transcriptomic, proteomic, and/or metabolo- 
mic alterations, which provide more information on all 
of the activated molecular processes in a system. The 
integration of such datasets with comprehensive knowl- 
edge bases containing direct and indirect molecular 
interactions aids in deciphering the most prominent 
modulated pathways. Furthermore, network analysis is a 



Dose - effect ratio, 
exposure time 
analysis of actives, if possible 




Interactions between genes, 
proteins, metabolites and 
compounds 

Figure 2 An iterative strategy for comprehensive activity 
monitoring and risk-benefit assessments in multicomponent 
drug research. 

v J 



useful tool for reorganizing a vast collection of data in a 
way that affected functional modules in a cellular net- 
work and biological information flow throughout the 
system can be visualized. Also, key molecules or poten- 
tial biomarkers can be identified within a network. 
Finally, the evaluation of omic data may refine the 
experimental model in order to make better predictions, 
which will then be tested with new experiments [72]. 
Hence, the extraction of valuable information from large 
datasets for multicomponent activity assessments 
requires an iterative approach. 

Aside from deciphering the main mechanisms of 
action, if some of its components interfere with unex- 
pected processes, side effects of the remedy can be also 
detected. Furthermore, low dose extrapolations are sup- 
ported and additional therapeutic opportunities or 
effects specific to certain populations may be uncovered 
[15,18,29]. To-date, transcriptional profiling is the most 
frequently used large-scale data acquisition methodology 
in clinical research. Currently, microarray technology is 
less expensive and even more developed, in comparison 
to other techniques applied in proteomic and metabolo- 
mic research. However, it should be kept in mind that 
mRNA levels detected on microarrays are steady-state 
abundance levels, which also depend on transcription 
and degradation rates [69]. Furthermore, direct and 
indirect effects cannot be distinguished, and in some 
cases, these discrepancies may interfere with the 
deduced biological information. 

To avoid pitfalls in applying omics approaches to multi- 
component activity analysis, for example, by generating 
datasets that are too large to deal with or by choosing 
inadequate parameters, a rigorous experimental design is 
necessary. The application of fractional factorial designs 
and statistical methods, which consider the need for repli- 
cating experiments and resources, may reduce experimen- 
tal efforts [40,73,74]. However, there is still need for 
improvements in experimental design that capture the 
multivariate nature inherent to biological regulatory net- 
works. At the moment, this can be addressed only through 
the use of predictive mathematical models [75]. 

Thus, the application of large-scale data acquisition 
technologies is limited, as they consume more time and 
financial resources in comparison to biased assays. In addi- 
tion, even the largest experimental setup would not pro- 
vide sufficient information to construct a fully detailed 
mathematical model with high statistical confidence. Con- 
sequently, data interpretation is not always straightforward 
and conclusive [51]. However, global systemic approaches 
are highly recommended to generate new hypotheses, and 
assist in the selection of potential biomarkers and addi- 
tional focused analysis strategies. 

Selecting an appropriate cellular model system may 
also have a great impact on the results. For example. 
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primary materials, such as donor blood cells, may pro- 
vide a more in vivo-hke situation regarding sensitivity 
and behaviour than artificially immortalized cell lines. 
Additionally, models that mimic a particular disease, 
either via a genetic or chemically-induced manipulation, 
could provide more relevant information on a specific 
question. However, cellular model systems are limited in 
that they cannot truly imitate an entire organism, where 
the response to external stimuli is regulated on several 
hierarchical levels (e.g. sensory organs, nervous signal 
transduction system, organ systems, tissue, etc.). Thus, 
knowledge regarding cellular targets, as well as their 
robustness and fragility in disease onset and progression, 
remains a fundamental factor that determines also the 
success of new system-based strategies [28]. 

It should be noted that also nutritional sciences bene- 
fit from multimixture analysis approaches. Metabolic 
pathways and homeostasis are disturbed in many diet- 
related diseases [13]. Additionally, beneficial drug-food 
interactions may contribute to the therapeutic successes 
of drugs not only by improving the patient's general 
condition, but also by reducing side-effects [76]. 

Omics technologies for multicomponent activity 
assessments cannot only be applied for endpoint analysis 
in mammalian systems, but can also be useful in plant 
phenotyping and extract standardization. In addition to 
improving phytochemical identification by coupling 
bioassays to fractionation steps, metabolomic methods 
are being more and more applied, as they allow for the 
study of thousands of secondary metabolites in a com- 
plex mixture, without the need for isolating active prin- 
ciples. The chemical profile of a preparation can then be 
Unked to observations obtained through biological test- 
ing systems [77]. 

Hence, the combination of both biased and non-biased 
assays appears to be the most promising strategy for not 
only risk-benefit assessments, but also drug design, iden- 
tifying drug targets, and biomarkers. This concept may 
aid in deciphering condition-specific regulations of a 
system in response to a dynamic environment, as well 
as contribute to the general understanding of the inter- 
actions between genes, proteins, metabolites, nutrients, 
drugs, and environmental factors in healthy and diseased 
states. 

Acknowledgements 

This work was supported by a grant from the Austrian Research Promotion 
Agency (FFG, project number 8181 11). The content of this article does not 
necessarily reflect the views or policies of the funding sources. 

Author details 

^Division of Medical Biochemistry, Biocenter, Innsbruck Medical University, 
Fritz-Pregl-Str. 3, 6020 Innsbruck, Austria. ^Division of Biological Chemistry, 
Biocenter, Innsbruck Medical University, Fritz-Pregl-Str. 3, 6020 Innsbruck, 
Austria. 



Authors' contributions 

All authors discussed the topic. JMG drafted the manuscript, MJ and OAW 
contributed to the conception, FU and DF critically revised the manuscript. 
All authors read and approved the final manuscript. 

Competing interests 

The authors declare that they have no competing interests. 

Received: 22 September 2011 Accepted: 14 March 2012 
Published: 14 March 2012 

References 

1. Newman DJ, Cragg GM: Natural products as sources of new drugs over 
the last 25 years. J Nat Prod 2007, 70:461-477. 

2. Schmidt B, Ribnicky DM, Poulev A, Logendra S, Cefalu WT, Raskin I: A natural 
history of botanical therapeutics. Metabolism 2008, 57(Suppl 1):S3-S9. 

3. Schmidt BM, Ribnicky DM, Lipsky PE, Raskin I: Revisiting the ancient 
concept of botanical therapeutics. Nat Chem Biol 2007, 3:360-366. 

4. Hopkins AL, Mason JS, Overington JP: Can we rationally design 
promiscuous drugs? Curr Opin Struct Biol 2006, 16:127-136. 

5. Hopkins AL: Network pharmacology. Nat Biotechnol 2007, 25:1 110-1111. 

6. Roth BL, Sheffler DJ, Kroeze WK: Magic shotguns versus magic bullets: 
selectively nonselective drugs for mood disorders and schizophrenia. 
Nat Rev Drug Discov 2004, 3:353-359. 

7. Van-Vuuren S, Viljoen A: Plant-based antimicrobial studies-methods and 
approaches to study the interaction between natural products. Planta 
Med 2011, 77:1168-1182. 

8. Rasoanaivo P, Wright CW, Willcox ML, Gilbert B: Whole plant extracts 
versus single compounds for the treatment of malaria: synergy and 
positive interactions. Malar J 2011, 15(Suppl 1):S4. 

9. Borisy AA, Elliott PJ, Hurst NW, Lee MS, Lehar J, Price ER, Serbedzija G, 
Zimmermann GR, Foley MA, Stockwell BR, Keith CT: Systematic discovery 
of multicomponent therapeutics. Proc Natl Acad Sci USA 2003, 
100:7977-7982. 

10. Veit M: Trockenextrakte als Arzneistoff: Herstellung, Qualitatsprufung. In 

Pharmakognosie Phytopharmazie. Edited by: Haensel R, Sticher 0. 
Heidelberg, Springer Medizin Verlag; 2010:218-246. 

11. NIH Office of Dietary Supplements: National Institutes of Health- Office of 
Dietary Supplements. 2011 [http://ods.od.nih.gov/factsheets/ 
BotanicalBackground/]. 

12. Kaira EK: Nutraceutical-definition and introduction. AAPS PharmSci 2003, 5: 
E25. 

13. Groten JP, Butler W, Feron VJ, Kozianowski G, Renwick AG, Walker R: An 
analysis of the possibility for health implications of joint actions and 
interactions between food additives. Regul Toxicol Pharmacol 2000, 

31:77-91. 

14. Wagner H, Ulrich-Merzenich G: Synergy research: approaching a new 
generation of phytopharmaceuticals. Phytomedicine 2009, 16:97-110. 

15. Keith CT, Borisy AA, Stockwell BR: Multicomponent therapeutics for 
networked systems. Nat Rev Drug Discov 2005, 4:71-78. 

16. Kaput J: Nutrigenomics research for personalized nutrition and medicine. 
Curr Opin Biotechnol 2008, 19:1 10-120. 

17. Panagiotou G, Nielsen J: Nutritional systems biology: definitions and 
approaches. Annu Rev Nutr 2009, 29:329-339. 

18. Waters M, Jackson M: Databases applicable to quantitative hazard/risk 
assessment- towards a predictive systems toxicology. Toxicol AppI 
Pharmacol 2008, 233:34-44. 

19. Zhong S, Romkes M: Pharmacogenomics Methods Mol Biol 2009, 
520:231-245. 

20. Scalbert A, Andres-Lacueva C, Arita M, Kroon P, Manach C, Urpi-Sarda M, 
Wishart D: Databases on food phytochemicals and their health- 
promoting effects. J Agric Food Chem 201 1, 59:4331-4348. 

21. Schafer H, Wink M: Medicinally important secondary metabolites in 
recombinant microorganisms or plants: progress in alkaloid biosynthesis. 
Biotechnol J 2009, 4:1 684-1 703. 

22. Wink M: Evolutionary advantage and molecular modes of action of 
multi-component mixtures used in phytomedicine. Curr Drug Metab 2008, 
9:996-1009. 

23. Csermely P, Agoston V, Pongor S: The efficiency of multi-target drugs: the 
network approach might help drug design. Trends Pharmacol Sci 2005, 
26:178-182. 



Gostner et al. BMC Complementary and Alternative Medicine 2012, 12:18 
http://www.biomedcentral.eom/1 472-6882/1 2/1 8 



Page 11 of 1 1 



24. Cassee FR, Groten JP, Van-Bladeren PJ, Feron VJ: Toxicological evaluation 
and risk assessment of chemical mixtures. Crit Rev Toxicol 1998, 28:73-101. 

25. Berenbaum MC: What is synergy? Pharmacol Rev 1989, 41:93-141. 

26. Chou TC, Talalay P: Quantitative analysis of dose-effect relationships: the 
combined effects of multiple drugs or enzyme inhibitors. Adv Enzyme 
Regul 1984, 22:27-55. 

27. Lila MA, Raskin I: Health-related Interactions of Phytochemicals. JFS 2005, 
70:20-27. 

28. Stierum R, Heijne W, Kienhuis A, Van-Ommen B, Groten J: Toxicogenomics 
concepts and applications to study hepatic effects of food additives and 
chemicals. Toxicol AppI Pharmacol 2005, 207(2 Suppl):l 79-188. 

29. Kitano H: A robustness-based approach to systems-oriented drug design. 
Nat Rev Drug Discov 2007, 6:202-210. 

30. Libby P, Theroux P: Pathophysiology of coronary artery disease. 
Circulation 2005, 1 1 1 :3481 -3488. 

31. Libby P, Ridker PM, Maseri A: Inflammation and atherosclerosis. Circulation 
2002, 105:1135-1143. 

32. Ramsey SA, Gold ES, Aderem A: A systems biology approach to 
understanding atherosclerosis. EMBO Mol Med 2010, 2:79-89. 

33. Pittler MH, Ernst E: Complementary therapies for peripheral arterial 
disease: systematic review. Atherosclerosis 2005, 181:1-7. 

34. McKenna DJ, Ruiz JM, Hoye TR, Roth BL, Shoemaker AT: Receptor 
screening technologies in the evaluation of Amazonian ethnomedicines 
with potential applications to cognitive deficits. J Ethnopharmacol 201 1, 
134:475-492. 

35. Elisabetsky E: Phytotherapy and the new paradigm of drugs mode of 
action. Revista Productos Naturales 2007, 1 2:459-464. 

36. Wirleitner B, Neurauter G, Schrocksnadel K, Frick B, Fuchs D: Interferon- 
gammainduced conversion of tryptophan: immunologic and 
neuropsychiatric aspects. Curr Med Chem 2003, 10:1581-1591. 

37. Ulrich-Merzenich G, Zeitler H, Jobst D, Panek D, Vetter H, Wagner H: 
Application of the "-Omic-" technologies in phytomedicine. 
Phytomedicine 2007, 14:70-82. 

38. Williamson EM: Synergy and other interactions in phytomedicines. 
Phytomedicine 2001, 8:401-409. 

39. Balaszi G, Oltvai ZN: Sensing your surroundings: how transcription- 
regulatory networks of the cell discern environmental signals. Sci STKE 
2005, 282:20. 

40. Kitano H: Biological robustness. Nat Rev Genet 2004, 5:826-837. 

41. Barkai N, Leibler S: Robustness in simple biochemical networks. Nature 

1997, 387:913-917. 

42. Lehar J, Krueger A, Zimmermann G, Borisy A: High-order combination 
effects and biological robustness. Mol Syst Biol 2008, 4:1-6. 

43. Zimmermann GR, Lehar J, Keith CT: Multi-target therapeutics: when the 
whole is greater than the sum of the parts. Drug Discov Today 2007, 

12:34-42. 

44. Spurgeon DJ, Jones OA, Dome JL, Svendsen C, Swain S, Sturzenbaum SR: 
Systems toxicology approaches for understanding the joint effects of 
environmental chemical mixtures. Sci Total Environ 2010, 408:3725-3734. 

45. New DC, Miller-Martini DM, Wong YH: Reporter gene assays and their 
applications to bioassays of natural products. Phytother Res 2003, 
17:439-448. 

46. Olden K: Toxicogenomics-a new systems toxicology approach to 
understanding of gene-environment interactions. Ann N Y Acad Sci 2006, 

1076:703-706. 

47. Qiu YQ, Zhang S, Zhang XS, Chen L: Detecting disease associated 
modules and prioritizing active genes based on high throughput data. 
BMC Bioinformatics 2010, 11:26. 

48. Hopkins AL: Network pharmacology: the next paradigm in drug 
discovery. Nat Chem Biol 2008, 4:682-690. 

49. Agoston V, Csermely P, Pongor S: Multiple weak hits confuse complex 
systems: a transcriptional regulatory network as an example. Phys Rev E 
Stat Nonlin Soft Matter Phys 2005, 71:051909. 

50. Alon U: Network motifs: theory and experimental approaches. Nat Rev 
Genet 2007, 8:450-461. 

51. Banerjee N, Zhang MQ: Functional genomics as applied to mapping 
transcription regulatory networks. Curr Opin Microbiol 2002, 5:313-317. 

52. Alon U: Simplicity in biology. Nature 2007, 446:497. 

53. Mahadevan B: Omics: Tools for studying and understanding systems 
toxicology. Mutat Res 2010, 705:163-164. 



54. Pearson K: On Lines and Planes of Closest Fit to Systems of Points in 
Space. Philosophical Magazine 1901, 2:559-572. 

55. Ringner M: What is principal component analysis? Nat Biotechnol 2008, 
26:303-304. 

56. Eisen MB, Spellman PT, Brown PO, Botstein D: Cluster analysis and display 
of genome-wide expression patterns. Proc Natl Acad Sci USA 1 998, 
95:14863-14868. 

57. Tavazoie S, Hughes JD, Campbell MJ, Cho RJ, Church GM: Systematic 
determination of genetic network architecture. Nat Genet 1999, 
22:281-285. 

58. Toronen P, Kolehmainen M, Wong G, Castren E: Analysis of gene 
expression data using self-organizing maps. FEBS Lett 1999, 451:142-146. 

59. Tamayo P, Slonim D, Mesirov J, Zhu Q, Kitareewan S, Dmitrovsky E, 
Lander ES, Golub TR: Interpreting patterns of gene expression with self- 
organizing maps: methods and application to hematopoietic 
differentiation. Proc Natl Acad Sci USA 1999, 96:2907-2912. 

60. Getz G, Levine E, Domany E: Coupled two-way clustering analysis of gene 
microarray data. Proc Natl Acad Sci USA 2000, 97:12079-12084. 

61. Gene Ontology Consortium: Gene Ontology Consortium, The Gene 
Ontology in 2010: extensions and refinements. Nucleic Acids Res 2009, 38: 
D331-D335. 

62. Huang DW, Sherman BT, Lempicki RA: Bioinformatics enrichment tools: 
paths toward the comprehensive functional analysis of large gene lists. 

Nucleic Acids Res 2008, 37:1-13. 

63. Khatri P, Draghici S, Ostermeier GC, Krawetz SA: Profiling gene expression 
using onto-express. Genomics 2002, 79:266-270. 

64. Berriz GF, King OD, Bryant B, Sander C, Roth FP: Characterizing gene sets 
with FuncAssociate. Bioinformatics 2003, 19:2502-2504. 

65. Castillo-Davis CI, HartI DL: GeneMerge-post-genomic analysis, data 
mining, and hypothesis testing. Bioinformatics 2003, 19:891-892. 

66. Dennis G Jr, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, Lempicki RA: 
DAVID: Database for Annotation, Visualization, and Integrated Discovery. 
Genome Biol 2003, 4:3. 

67. Doniger SW, Salomonis N, Dahlquist KD, Vranizan K, Lawlor SC, Conklin BR: 
MAPPFinder: using Gene Ontology and GenMAPP to create a global 
gene-expression profile from microarray data. Genome Biol 2003, 4:R7. 

68. Zeeberg BR, Feng W, Wang G, Wang MD, Fojo AT, Sunshine M, 
Narasimhan S, Kane DW, Reinhold WC, Lababidi S, Bussey KJ, Riss J, 
Barrett JC, Weinstein JN: GoMiner: a resource for biological interpretation 
of genomic and proteomic data. Genome Biol 2003, 4:28. 

69. Hayles B, Yellaboina S, Wang D: Comparing transcription rate and mRNA 
abundance as parameters for biochemical pathway and network 
analysis. PLoS One 2010, 5:e9908. 

70. Stark J, Callard R, Hubank M: From the top down: towards a predictive 
biology of signalling networks. Trends Biotechnol 2003, 21:290-293. 

71. Werner T: Bioinformatics applications for pathway analysis of microarray 
data. Curr Opin Biotechnol 2008, 19:50-54. 

72. Vera J, Wolkenhauer 0: A system biology approach to understand 
functional activity of cell communication systems. Methods Cell Biol 2008, 
90:399-415. 

73. Pomati F, Orlandi C, Clerici M, Luciani F, Zuccato E: Effects and interactions 
in an nvironmentally relevant mixture of pharmaceuticals. Toxicol Sci 

2008, 102:129-137. 

74. Box GEP, Hunter WG, Hunter JS: Statistics for Experimenters: An Introduction 
to Design, Data Analysis and Model Building New York: John Wiley & Sons; 
2005. 

75. Kauffman KJ, Ogunnaike BA, Edwards JS: Designing experiments that aid 
in the identification of regulatory networks. Brief Funct Genomic Proteomic 
2006, 4:331-342. 

76. Georgiou NA, Garssen J, Witkamp RF: Pharma-nutrition interface: the gap 
is narrowing. Eur J Pharmacol 2010, 651:1-8. 

77. Yuliana ND, Khatib A, Choi YH, Verpoorte R: Metabolomics for bioactivity 
assessment of natural products. Phytother Res 201 1, 25:157-169. 

Pre-publication history 

The pre-publication history for this paper can be accessed here: 
http://www.biomedcentral.eom/l 472-6882/1 2/1 8/prepub 



doi:1 0.1 1 86/1 472-6882-1 2-1 8 

Cite this article as: Gostner et al.: An update on the strategies in 
multicomponent activity monitoring within the phytopharmaceutical 
field. BMC Complementary and Alternative Medicine 2012 12:18. 



